Hepatic fatty acid metabolism in pigs and rats: major differences in end products, O2 uptake, and P-oxidation. Am Carboxyl carbon accumulation in acid-soluble products (ASP) plus CO2 was threefold greater and 02 consumption was twofold greater in rats (P < 0.05). Unlike rats, pigs showed negligible carboxyl carbon accumulation in ketone bodies (3-7% of ASP), whereas acetate was a carboxyl carbon reservoir in both animals (17-31% of ASP in pigs). Malonate increased (-2-fold) and antimycin/rotenone decreased (40-60%) radiolabel accumulation in acetate. These data concur with the hypotheses that comparatively low hepatic P-oxidative flux in piglets is partially related to a smaller metabolic rate and that substantial acetogenesis occurs intramitochondrially in both pigs and rats.
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acetate; ketone bodies; metabolic rate; piglets IT HAS BECOME increasingly clear that hepatic lipid metabolism in pigs is not adequately described by traditional models of P-oxidation that emphasize accelerated ketogenesis concurrent with enhanced mitochondrial flux of fatty acids. For instance, the onset of suckling in rats induces upregulation of liver enzymes supporting ketogenesis, including mitochondrial 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) synthase (EC 4.1.3 5) (3 1,35) and carnitine palmitoyltransferase I (CPT-I; EC 23.121) (4, 36) . Elevated ketone body production thus results in a neonatal hyperketonemia in some species (see Ref. 12) . However, in piglets, low blood ketone bodies are observed (5, 26), and a negligible ketogenic capacity has been reported in vitro (10, 19, 25, 28) and after a medium-chain fatty acid (MCFA) challenge in vivo (1). Furthermore, reported rates of P-oxidation in liver preparations from neonatal rabbits (9, 27) or mature rats (7, 10) are markedly higher than liver from newborn pigs (10, 24, 28) . This phenomenon has been ascribed to a propensity for fatty acid esterification vs. oxidation in piglets (28). The etiology of attenuated fatty acid oxidation in piglet liver relative to other species is not clear, but could be related to metabolic enzyme activities (see above) and/or other phenomena such as metabolic rate. Low rates of P-oxidation and a limited capacity for ketogenesis bring up the possibility that alternative, nonketogenic routes of carbon flow may predominate in swine liver (24), an idea supported by recent observations. First, application of radio-high-performance liquid chromatography (HPLC) methodology to characterize organic acid end products of radiolabeled MCFA and long-chain fatty acid (LCFA) metabolism in piglet liver has revealed a substantial accumulation of fatty acid carbon in acetate and not ketone bodies (19, 25) . Second, on the basis of residual P-oxidation in the presence of respiratory chain inhibitors (7) or O2 consumption of isolated organelles administered LCFA substrate (37), the relative capacity of peroxisomes to carry at least the first cycle of LCFA P-oxidation might be elevated in pigs compared with rats.
Currently accepted principles of P-oxidation and its control have been derived primarily from studies of mature rats. The piglet's apparent departure from these well-established paradigms raises some intriguing questions addressed in the present study. What is the basis for relatively low P-oxidation in swine? VVhat impact would limited ketogenesis and inhibition of P-oxidation have on cellular carbon trafficking? What is the organellar origin of acetogenesis in liver? The possible contribution of tissue metabolic rate in modulating P-oxidative flux was explored through measurement of O2 consumption in liver homogenates oxidizing fatty acids. Differences in C16:O carboxyl carbon accumulation in metabolic end products were examined after mitochondrial P-oxidation inhibition by antimycin/ rotenone (AR), and mitochondrial acetogenesis/ketogenesis in the presence of the Krebs cycle inhibitor malonate was determined. Because traditional formulations of mammalian fat metabolism are fashioned primarily from the exhaustively studied adult rat system and because direct comparisons of P-oxidation between pigs and other species are rare (1, 7, lo), metabolism in piglet liver was compared with that in ketogenic adult fasted rats under identical conditions. The data support prior reports of relatively low P-oxidation (7, 10) and predominance of acetogenesis rather than ketogenesis (19, 25) in piglet liver. These observations are extended further by results consistent with the hypotheses that the relatively low rate of P-oxidation in piglets is partially explained by a lower overall metabolism and that mitochondria contribute significantly to acetogenesis. A/R (50 and 10 PM, respectively) or Nazmalonate (10 mM), which inhibit mitochondrial electron transport and succinate dehydrogenase, respectively. Selection of A/R concentrations was based on previous research (13) documenting maximal inhibition. Incubations were initiated by addition of fatty acid after 5-min preincubation, and terminated 30 min later by addition of 250 ~160% trichloroacetic acid. Unless otherwise stated, chemicals were purchased from Sigma Chemical (St. Louis, MO). Radioactivity in acidsoluble products (ASP) and CO2 (corrected for time 0 acidkilled blanks) and homogenate O2 consumption were determined using methods described previously (24).
MATERIALS
Organic acid anaZysis. The ASP samples were subjected to reversed-phase ion-pairing HPLC to characterize radioactivity associated with ketone bodies and acetate (19). Separation was achieved using a mobile phase of 0.3% H3P04 (pH 2.1, 0.65 ml/min) with a Beckman Ultrasphere IP column (5 pm; 4.6 X 250 mm), and volumes of eluent with retention times corresponding to radioactive peaks of interest (peaks l-6, Fig. 1 ) were retrieved by a fraction collector (19). Radioactivity in these samples was quantified using liquid scintillation spectrometry and accounted for 80-90% (rats) to 92-100% (pigs) of ASP radioactivity.
Not shown are similar analyses of ASP samples using an ion-exchange HPLC separation method (25), which revealed that Krebs cycle intermediates accounted for a minimal fraction (l-5%) of radiolabeled carboxy1 carbon accumulated in ASP of rats and pigs. Real-time characterization of radioactive metabolites (see Fig. 1 depressed the accumulation of carboxyl carbon in CO2 by 60% in rats and fivefold in pigs. Carboxyl carbon accumulation in ASP plus CO2 in piglet homogenates was just 35% (control and malonate) to 61% (A/R) of that in rat preparations. Oxygen consumption in control piglet homogenates was only one-half that observed in rat preparations. Inclusion of A/R slowed mitochondrial metabolism/poxidation in both species (Table 1) . Liver O2 consumption decreased significantly in the presence of these electron-transport inhibitors to levels just 45% of controls, whereas carboxyl carbon accumulation in CO2 was lowered by 85 and 95% in pigs and rats, respectively (Table 1) oxidation are shown in Fig. 1 . Six distinct radioactive peaks were observed, but only acetate, acetoacetate (AcAc), and P-hydroxybutyrate (P-OHB) could be positively identified. Quantification of the carboxyl carbon accumulated in these metabolites yielded a number of important observations. First, acetate was the predominant identifiable end product of Cl6:O oxidation in the 24-h fasted l-day-old pig liver, constituting 17 t 1,31? 2, and 17 t 2% ofthe total carboxyl carbon accumulation in ASP under control, malonate, and A/R treatments, respectively (see Fig. 2 ). Second, the addition of malonate doubled C16:O carboxyl carbon accumulation (in nmol l min-l l g liver-l) 70 -Control * Malonate RATS in acetate for rats (to 14.2 t 2.3) and piglets (to 18.2 t 3.8) (Fig. 2) . Third, piglet liver produced minimal ketone bodies (3-7% of ASP carboxyl carbon), which is in stark contrast to rats (Fig. 2) .
DISCUSSION
These data provide direct evidence in support of previous suggestions that P-oxidation is lower in pigs compared with other species (7, 9, 10, 23, 27, 28) . The basis for comparatively low fatty acid oxidation in piglet hepatic tissue is not clear, but might be related to a lower tissue-specific metabolic rate (0, consumption per unit mass) and thus a diminished demand for P-oxidation to meet cellular ATP requirements (23). In fact, O2 consumption in control piglet liver preparations was only 50% that determined in rats ( Table l) , indicating that differences in the metabolic rate can at least partially account for the relatively low P-oxidation observed in piglets. Piglet body mass was sixfold greater than rats (see MATERIALS AND METHODS), and it is well established that, across a wide range of adult mammalian species, the mass-specific basal metabolic rate decreases with increasing body size (15). Furthermore, this whole animal relationship between body mass and O2 consumption holds for liver, such that pig hepatocytes consume O2 at -50% the rate of rats (29,30). The limitation of this explanation when comparing tissues from neonates of one species to adults of another is recognized, and it is likely that factors in addition to metabolic rate (i.e., metabolic enzyme activities; see Perspectives) also contribute to differences in P-oxidation across species. Comparisons of in vitro metabolic rate based on O2 consumption could be confounded by the potential impact of extramitochondrial metabolic pathways that consume O2 but are not directly linked (Fig. 2 ) remained at -30% of control values in rat homogenates exposed to A/R; and 2) in both species, only a portion of observed O2 consumption in the presence ofA/R (Table  1) could be attributed to peroxisomes under the assumption that ASP in the presence of A/R is peroxisomally derived. The lack of total A/R inhibition indicates that common estimates of peroxisomal metabolism (cyanide-or AR-insensitive P-oxidation) could overestimate the true rate. Nevertheless, the results in no manner discount the assertion that significant speciesrelated differences exist with regard to the relative contribution of peroxisomes to total hepatic P-oxidation (6, 7,13,37).
ASP analysis. ASP generated from radiolabeled fatty acids have been primarily associated with ketone bodies in adult fasted rat liver (20) (21) (22) mitochondrial inhibitors (Figs. 1 and 2) . Similar results were obtained with fasted piglet hepatocytes administered the substrates C7:O and C&O radiolabeled in the carboxyl carbon position (19). Acetogenesis has long been recognized as an alternative route of fatty acid catabolism (16, 32, 33) , but it operates at a rate (in nmol C2 equivalents l min1 l mg mitochondrial protein) just 2-6% of ketogenesis in liver mitochondrial preparations from adult rats (33), consistent with our control rat homogenates (i.e., carboxyl carbon accumulation in acetate was 9% of that in ketone bodies). Under control conditions, the absolute accumulation of Cl6:O carboxy1 carbon in acetate was not different across species (Fig. 2) . Overall metabolism, P-oxidation, and ketogenesis are less in piglets compared with rats (Table 1 and Fig. 2) , and it follows that, in relative terms, acetogenesis has a substantial impact on the fate of fatty acid carbon in the neonatal pig liver.
A significant portion of acetate production appears to occur intramitochondrially in both species, as indicated by the following observations. First, addition of malonate doubled carboxyl carbon accumulation in acetate (Fig. 2) . Thus a mitochondrial acetyl-CoA pool provided acetate precursors when Krebs cycle disposal was slowed. It is notable that Krebs cycle blockage by malonate has been associated with exclusive flux of C16:0-carnitine to AcAc in newborn piglet mitochondria (10, 11). However, this assumption based on measured vs. theoretical O2 consumption is readily explained if the primary end products include acetate or acetylcarnitine.
Second, the mitochondrial inhibitors A/R markedly dampened carboxyl carbon accumulation in acetate in both species (Fig. 2) . Third, in the piglet liver, there was a substantial attenuation of in vitro MCFA carboxyl-carbon accumulation in acetate brought about by inclusion of valproate (19), a P-oxidation inhibitor that is a poor peroxisomal substrate (8, 38) . In addition, MCFAof eight or fewer carbons serve as weak peroxisomal substrates (17), yet contribute to acetogenesis in piglets (19) and adult rats (18, 32, 33) . Peroxisomes also have acetogenic capacity (14, 18) and may have contributed to acetate production in our study because inclusion of A/R did not abolish LCFA carboxyl carbon accumulation in acetate (Fig. 2) . Similarly, valproate did not completely block acetogenesis from MCFA in piglet liver (19) .
The data underscoring poor ketogenic potential in piglets (Figs. 1 and 2) are consistent with previous reports (10, 19, 25) and indicate that ketone bodies should not be assumed to compose the majority of acid-soluble end products of liver fatty acid p-oxidation in all mammalian species. It should be noted that, under the conditions used, ketone bodies accounted for only 50% of ASP radiolabel in rats [% of ASP label in AcAc and p-OHB were as follows: 22 t 2 and 33 t 2% (controls), 9 t 0.3 and 41 t 1% (malonate), and 45 2 3 and 8 t 0.2% (AR)]. The remaining radioactivity was largely found in unknowns A and B (see MATERIALS AND METHODS and Fig. 1 Although accumulation of C16:O carboxyl in AcAc and p-OHB in rats fell to 7 and 64% of controls (controls: 55 2 6 and 35 5 2 nmolmin-l 'g liver-l, respectively) ( Fig. 2) and radiolabeled CO2 production dropped 95% in the presence of A/R (Table l) , ketone bodies accounted for 53% of ASP under this condition. As discussed previously, this result is likely due to incomplete mitochondrial inhibition by AIR. Nevertheless, AJR successfully slowed mitochondrial metabolism (Table 1  and Fig. 2 ) and decreased matrix NADH disposal; the latter was reflected in the dramatic shift of the P-OHBI AcAc ratio toward P-OHB in rats (Figs. 1 and 2) (also see Ref. 5a ).
Perspectives
The physiological ramifications of species differences in hepatic fatty acid metabolism are currently being clarified. Ketogenic capacity is trivial in neonatal piglets (2, 10, 19) , and oxidation of P-OHB under physiological conditions meets less than 3% of the metabolic requirements of a typical piglet (34). In contrast, whole animal turnover of endogenously produced acetate in piglets indicates that up to 20% of their energy budget could potentially be derived from this fuel source (3). The etiologic basis for attenuated ketogenesis and comparatively low hepatic P-oxidation in piglets remains an active area of research. Modulation of CPT-I by malonyl-CoA inhibition (22) 
